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Summary

The presented theoretical study shows, that solar cells for missions
into the space in the neighbourhood of the sun get enough power to work.
The increase of the output Sy the high insolation is much higher than the
decrease of the output by the operation temperature, Therefore the mini-
mum of output during the whole mission is near the earth although there is
the lowest operation temperature. Difficult is only the stability of the
solar cells at the given high temperature.

As an improved development of the earlier type IV a solar cell type V
is developed, satisfying all conditions necessary for the mission into the
neighbourhood of the sun. The output near the earth is about 60;5 W
by an operating voltage of nearly 500 mV and a series resistance of about
0.1 A\ . During a storage tgst of 1600 hours the cells were stable at
high temperature and at high humidity and in preliminary tests resistant

against radiation.
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1. Introduction

l.1 Starting Point

The starting point for our study is the type IV Siemens solar cell
developed for missions near the earth. This cell is characterized by an
n/p arrangement in which a thin n-layer is produced through a diffusion
process on p-silicon with a specific resistance of 10 ohmem. The back
of the cell is solid, the front of the cell is comb-like with seven fingers
contacted by a silver-titanium alloy. This cell has a series resistance
of 0,3 ohm, |

This series resistance is composed of the bulk resistance of the p
doped silicon layer and of a second item of resistance made up of the
resistance of the highly doped n-layer and of that of the metallic contact

arrangement on the front of the cell, The total resistance 1is distributed

on these two resistances in the ratio of about 3 to 1.

1.2 Solar Cell Requirements for Missions near the Sun

When using solar cells as the power source for a probe to be sent near
the sun new requirements arise which differ basically from those for solar
cells used for missions near the earth, /Near the sun there is available a
sufficiently great amount of radiation intensity. But it must be assumed
that the much higher operating temperature of the solar cell in the vicinity
of the sun will necessitate a careful estimate of the increased operating
efficiency owing to the increased intensity and of the decreased operating
efficiency owing to the increased temperature.

Solar cells have up to now been used in temperaturesof up to 90°c.

This temperature will be greatly exceeded near the sun. The path of the

planned solar probe will be near the sun for about 8 weeks. Consequently
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solar cells for solar probes must undergo rigid teéts of their ability to
withstand high operating temperatures over a long period of time., It is
known that the solar cell characteristic is changed under extremely

high temperaturesl). This fact can only be explained by the formation

of leaks., These can occur when the contact material is diffused through
the thin n-layer and short circuits the pn-transition. These reasons
point to the usefulness of studying the properties of solar cells with a
thicker than normal n-layer.

Without knowing the exact trajectory data of a solar probe which will
approach the sun as close as 0,3 astronomical units one can roughly esti-
mate that the radiation received in the course of the missign during the
passage through the earth's radiation belt and during the flight to and
around the sun must be substantially below the equivalent dose for missions
near the earth. This assumption, to be proved later on, permits us to
consider the use of silicon with a lower ohm rating, for instance down
to specific resistances of 0.2 flLcm, for the planning of a solar cell
for a solar probe.

To increase the electrical output of a solar cell it is necessary to
minimize the internal resistance. A series resistance that is smaller
than the usual ones increases the performance of solar cells also near
the earth. Above all, a smaller series resistance will have many advantages
near the sun under intensive insolation.

Aside from the structural arrangement of the contact electrodes on the
upper side of the cell (number, width and depth of fingers) the resistance
of the thin n-layer and of the basic material,contribute to the internal

resistance,
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1.3 Scope

The solar cells for the solar probe are subjected to minimum tempera-
tures of -64°C near the earth and to maximum temperatures of +140°C near
the sun. The maintenance of these temperature limits is assured through
proper design. With vertical incidence insolation will increase from 1 AMO
to 11 AMO near the sun. The solar cell must produce enough energy for
satisfactory operation both under conditions of low temperatures and small
insolation near the earth as well as under those of high temperatures and
high insolation near the sun.

Starting with the well known type IV solar cell we must examine whether
from this tybe céll we may, with as few manufacturing changes as possible,
derive a cell suitable for a solar probe.

In order to arrive experimentally at a meaningful solution in the short
time available it seemed advisable to make first of all a theoretical study
ot the transition from the known type IV to the new type V cell, We started
with measurements on type IV cells for insolation of 1 AMO and varied the
number, width and depth of fingers, the n-layer resistance, the basic
resistance, insolation and temperature in an optimization computation.

The execut;on of such an optimization computation appeared of particu-
lar importance at the start qf our research since at that time no decision
had as yet been reached as to the form of the satellite and consequently as
to the temperature and insolation conditions of the solar cells., A theo-
retical optimization could thus-c¢onsider in advance all eventuglities which
could modify the mission during the course of the experimental research.

For this reason we undertook the optimization computation at the beginning

of our research, From its results and taking into account the characteristic
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data of the solar probe which had in the meantime been laid down and some
preliminary experimental work it was then possible, through modification
of a few prodgction procedures, to de?ive a solar cell type suitable for
a solar probe, from the type IV cell, It was then the mission of the
experimental study to see whether theory and experiment agreed and to
determine experimentally the properties of type V solar cells under the

extreme operating conditions of the solar probe.

Lo



2, Short Circuit Current Density

2.1 Spectral Sensitivity

The optically impressed current density of a solar cell may be broken
up according to the wave length spectrum of the solar radiation:

I= [j (A) d A , where A is the length of the light wave.

The spectral density j may be represented as follows:

1 =en) [1-xN] [1-ew kD) 0] BCAY d(N
e represents the elementary charge and n the spectral function of the
density of the photon stream. The reflection coefficient r is meant to
include also the absorption in the protective and tempering layers. k is
the absorptién coefficient in the solar cell and d the thickness of the
solar cell., It is assumed thgt the so far unabsorbed light on the back
of the solar cell has no effect on the impressed current. The internal
quanta yield B.is the number of electron - aperture-pairs which an
absorbed" light quantum produces. ( Bmay be assumed to equal 1 up to
the absorption edge.) The collective coefficient c[represents the pro-
bability of an optically pro&uced electron - aperture - pair contributing
to the impressed current. The impressed current is to be measured as a
short circuit current. Only under very high insolation does the short
circuit current lose a part of the impressed current., We shall refer to
this again in the next part. According to the above formula one obtains
by meagurement of j when the remaining quantities are known. Naturally it
is helpful when the thickness of the solar cell is large enough so that
kd $>1 is valid for all wave lengths. The tempering layér should be
chosen so that Ce

Jo o ad, w2 2 B acd,

becomes minimal.




2.2 Two-Layer Model

In order to obtain a simple theoretical expression forc( the front and
back layers of the solar cells, which are separated by the pn-transition,
are regarded as homogeneous., The pn~-transition must be abrupt and show
a Shockley curve, The essential parameters, on which the resulting formula
for of dependsz), include, besides the absorption constant k, the front
and back layer thicknesses d1 and d,, the diffusion lengths in these
layers L1 and L2 as well as the surface recombination velocities on the
front and back 8y and 8y. When the thickness of the solar cell d = d; + d2
is sufficiently large 8, is of no importance. The coefficient naturally
approaches its ideal value 1 the large L1/d1 and L2/d2 and the smaller

81 and s, are,

2
One can attempt, through adaptation on experimental c{ =-curves to
determine the parameters in the formula for c( . The diffusion length Ly
in the back layer ihfluences the long wave portion of the @[ course, that
is the red sensitivity of the solar cell. The short wave portion of  ,
that is the blue sensitivity, is on the other hand mainly dependent on the
parameters of the front layer, namely dl’ Ll’ and 8,° Function ¢ ( }\)
can also be expressed as @ (1/k). This is useful when @ (1/k) runs o;t
into a straight line toward the short wave end of the solar spectrum,
because the parameters of the front layers can then be obtained in a simple
3),4),5) '

manner But presumably this only happens when the thickness of

the front layer is relatively large, from 5 to 10/um 4). However, based
on the solar spectrum and function k ( ;\) for silicon the impressed current
increases as the front layer thickness d; decreases. This can be shown
both theoretically, by inserting plausible values for the o parameters,
as well as experimentally. The extension of function a('(llk) for solar

cells with d; = 0.5/u and below is no longerbrecognizably linear.

-
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This circumstance, for one thing, renders more difficult the compari-
son of theoretical and experimental CK'-curves in space. For another,
theory and experiment coincide most closely when we assume that 84 and Ly
are both either ©O or 0.6) Furthermore, the obtainable coincidence is

unsatisfactory at best.

2.3 Recombining Defects

From these results it can be concluded that, on the one hand, the
blue sensitivity of silicon solar cells is generally poor and, on the
other hand, the two-layer solar cell model that was used is unsuited for
thin front layers. A realistic theory om the contribution of the front
layer to the impressed current would have to try to evaluate the largely
disturbed structure of the front layer. It is known that when high
phosphorus concentrations are diffused in silicon, phosphorus bearing
deposits and alloys are formed7). These could have an unfavorable effect
on the life of the surplus charge carriers. A comprehensive description
of the crvstal defecte to be exp: fusion processes and of the
experimental possibilities for their detection is given by John 8). These

defects are particularly marked in the case of thin diffused layers as they

occur in silicon solar cells. In the case of relay diodes a defective surface -

layer shows up as an inactive layetg). It would make an interesting study
to look into the micro-defects of solar cells and the recombination mechanisms

10)

connected with them ‘.

2.4 External Quanta Yield

Figures 1 and 2 show the existing conditions of our solar cells. The

extreme quanta yield is given

e = - (L] BO\) ol CA).
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The crosses are measuring points of a typical solar cell.

The curves were computed with a formula based on the aforementioned
two-layer model. The decrease in the quanta yield in the case of short
wave lengths is determined by the very great surface recombination speed
s; = 107cn/s. The change of the diffusion length L, in the back layer
shifts the red part of the spectrum (Figure 1), The assumption of various
front~layer thicknesses d1 causes a shift in the blue part of the gpectrum
(Figure 2), The smaller d1 is, the greater is the blue sensitivity and
the impressed éurrent of the solar cell. Furthermore, a decrease in d1
also causes an increase in the surface resistance of the front layer. In
accordance with i;l the quanta yield curves shown in Figures 1 and 2 give

the short circuit current densities contained in Table 1 below:

TABLE 1
Lp = 20/um D 10 cm"/sec 8, 10‘ cm/sec
Ln e jk
g;umz (%um) (mA!cmz)
100 0.1 < 37.7
150 0.1 39.0
200 _ 0.1 39.8
150 0.1 39.0
150 0.2 37.9
150 0.3 37.0
150 0.5 ) 35.5
For purposes of comparison 299 T 51 = 36,3

I
KZ 2124

[

A type IV solar cell gives, in comparison, a short circuit current
2

density, computed from the quanta yield and the solar spectrum, of 36.3 mA/c
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3. Characteristic

3.1 Substitute Circuit Diagram

The solar cell is a source of current. The optically impressed current
IE has the direction of the inverse current during the pn-transition. The
resistance in the external circuit causes a loss of power which poles the
pn=trangition in the fofward direction. A part of the impressed current
is thus lost as "diode forward current" corresponding to the dark char-
acteristic of the pn-transition. The impressed current is thus distributed
over the external working resistance and over the internal pn-transition
poled in the forward direction. The first partial current shall be called
the working current or current I from the solar cell for short, The second
partial current shall be called diode current ID. The change in the working
resistance between O and infinity produced the solar cell characteristic.
When idling the entire impressed current is used as diode current and thereby
builds up the idling tension U,., In case of short circuit the impressed

L

current flows as short circuit current over the external circuit. The sub-

gtitute circuit diagram for a solar cell is thus composed of a current
source with a parallel switched diode (the pn~-transition) as internal current
loss branch and of the external resistance R,. In this description we have
not yet taken account of the fact that a part of the tension is already
lost inside of the solar cell. We must therefore add to R, an effective
internal resistance Ri' Altogether we thus get:

IE + ID +I=20 w7
where IE is a negative value, _The diode tension becomes

UD = I(Ri + Ra) = Uv+‘IR1 |
U being the external tenaion."For the diode current we can make the
Shockley statement

ID’- Io (eU/’o _1)



a]lle

kT

where Io represents the saturation current in inverse direction and '}O = Ac

the temperature tension (k Boltzmann constant, T absolute temperature, e
elemental charge, A Shockley constant). The characteristic parameters

Ig, I, R1 and A
can be deduced from measured characteristics. In the previous section we
already gave a model theory for IE. I and I, can éasily be expressed in
terms of short circuit current IK and idling tension UL' In case of
sufficiently high insolation, Iy is smaller than IE. The remaining para=-
meters Ry and A could then be adjusted to obtain the measured optimum work-
ing point., This is the.point on the characteristic curve having tension U,
and currenf Im,‘at which the solar cell performs best. Tests have shown
that although with the right parameters experimental characteristic curves
can be excellently reproduced in their entire course the internal resistance

Ry clearly comes out too small. For R, can also be measured directly, for

i
instance from the dark characteristic (given a sufficiently large current
this is solely determined by Ri) or from two characteristics for different
illuminations (that is various IE)ll). The substitute circuit diagram rep-
resented here cannot be used indiscriminately. This is why we used parameter
Ri as experimental value in the characteristic curve adjustment and thereby
obtained pretty nearly A = 1. The Shockley constant has therefore also been
used in the following studies. In thchharacteristic curve adjustment,
account wﬁs taken of the fact that the contact grid covers a part of the

front of the solar cell, which means that IE,corresponds to a smaller sur-

face than Io'

3.2 Effective Internal Resistance

The expected internal resistance can be estimated theoretically. For

it is made up of the contact resistances and those of the grid fingers, as



well as the front and back layers of the solar cells. Contact resistances
are not taken into account here, The back-layer resistance RB depends on

the specific resistance ? B of the basic material. The current distribution
in the front layer is inhomogeneous, Because of the constang source

current intensity on the surface the current intensity increases toward

the grid fingers; Likewise the current in the fingers increases toward

the contact collecting bar. The inhomogeneous current distribution results
in an inhomogeneous distribution of the electrical field. These current- and
field conditions can at best be made up by an effective component RT fd the
internal resistance Ri’ where RT = RF + RS (RF finger resistance, Rs front-
layer resistancé}. RT is so chosen that the energy used up in the front-
layer, inclusive of the contact grid, is restored. RF depends not only

on the specific resistance of the finger material but also on their number
Zp, their width FB and their depth FT' Rs is essentially determined by the

| ikasuiavié surface xegiui.uuue ?S a8 well 48 Dy Zp. For Rg we ger a formuia

similar to the one of WOlfIZ)

Ri = a.RT + RB .

The factor "a" is so chosen that the experimental value for Ri is repro-

. To sum up we have

duced. In practice we get values for "a'" between 1 and 2.

3.3 General Graphic Presentation

{

The model given for the internal resistance in the preceding section is

' necessarily very questionable and thus also the appurtenant substitqte cir-
cuit diagram of section 3.1, The three-dimensional current distribution
caused by the grid pattern should really be taken into account, but for
practical purposes this would be much too complicated. But one could take
into account a two-dimensional potential and current distribution in the

front-layer of the solar cell and also the back-layer resistance RB' The
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tension at the pn-transition and with it the diode current density are
locally different. Surface resistance ?S determines a differential front-
layer resistance. A further possible simplification would consist in con-
sidering the potential and current distributions in direction of the contact
fingers and vertical to them as independent from each other. But even such
a simplified solar cell model does not seem to have been studied up to now.
!
The next step consists in taking only into account a one-~-dimensional poten-
tial distribution in the front-layer: the potential will change between
the grid fingers but not parallel to them, Aﬂloss of potential in the
fingers is not taken into account (unless we subsequently add an effective

finger resistance)., This model was computed for various parameters by
Beckmann13). In the model in section 3,1 it is assumed that the potential
in the front-layer is constant, The internal resistance or the losses of
potential, particularly in the front-layer, have an increasingly unfavorable
effect on the output of the solar cell at higher rates of insolation. For

a theoretical treatment of a possible grid configuration at high insolation

the gubstitute circuit diagram of section 3.1 is hardly satisfactory. In

)

spite of this we shall use it for this very purpose because of its simplicity.

3.4 Grid and Insolation

The output of a solar cell at the optimum working point Nm = UmIm

should, with due allowance for certain secondary requirements, be as large
as possible, 1In order to obtain this one must try to make the characteristic

curve values, namely short circuit current IK’ idling tension UL and curve

factor £ = UmIm/U11K’ as large as possible, As regards I, it is important

K
to keep the reflection and recombination losses small. We mentioned that

already in section 1, UL gains by heavy doping of the front and back layers

of the solar cells., £ is unfavorably influenced by internal resistance Ri'



The characteristic material and construction parameter of a solar cell, namely
front-layer doping, front-layer surface resistance ?S’ specific back-layer
resistance ?B and the grid configuration, can have an opposite effect on
the curve values, Moreover, secondary requirements impose limits on the
material parameters. For example the front-layer doping is made as large
as péssible for the benefit of UL. However, when considering the diffusion
of the front-layer one should also take into consideration the crystal dis-
turbances it causes which decrease IK (section 1.3). ? g must be as large
as possible in favor of IK (section 1.4) but the operating depeqdability of
the solaf cell, particularly under higher temperatures, limits ?S' The
back~layer d;’ping” is expressed by ?B’ A decrease in QB decreases IK but
increases UL and reduces Ri' All in all, Na is favored by a small 9 B’
but for reasons of radiation resistance C?B cannot become too small. Ry
is in no way determined by 98’ That is why R; does not limit 98‘ But

9 S influences Ri.' We shall consider the number of fingers zF as variable.
The most unfavorable influence of a ? S value on R; can thus be compensated
by additional fingers. Thé_surface covered by the contact grid decreases IK.
The true ZF value therefore represents a compromise between a smaller Ri and
a large Il(' We fin'; that the value of ?S plays a subordinate role in this
connection. The remark made above that ?S is not the determining factoxr

for R, is to be understood in that sense. As concerns the finger width FB

i
and the finger depth FT’ FB should be as small as possible and Fp as large
as possible, Smaller FB would of course mean larger ZF if the total finger
conductibility and the loss surface are to be maintained. But in doing so
R; will be decreased, The smallness of FB and with it the largeness of Zp
are limited on technological grounds. Larger FT would improve the finger

conductibility, at least for as long as the finger resistance still influ-

ences Ry. But FT cannot exceed an accep’table measure in favor of
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mechanically stable contacts with any given FB. To be sure, the proper
arrangement of a solar cell is a complex problem. However, if one estab~
lishes 98’ 9 B’ FB and Fp on the basis of more or less arbitrary

secondary conditions, there remains as an open parameter only 2 Since

F
under conditions of higher insolation Ry reacts unfavorably on the working
point the optimum Zp will also increase with the insolation. On the basis
of the model described in 3.1 and 3,2 N, is computed as a function of ZF
for various temperatures. We get a more or less well defined maximum which
always corresponds to the optimum ZF. Starting point of the computation
are cells with ZF-7, Z0=2.2. 10~%cm, Fg = 1.35 . 10%cm as well as certain
98 and ? g values, IK’ UL’ and Ry are measured on normal cells given
Ins = 1 AMO and a certain temperature. IE’ I, and the factor "a'" in the
expression fo; R

i

depending on the normal cell type and the measurement temperature. Now

are known, namely as a function of ?S’ ?B and T

we can calculate Py under variation of Zp, F and F_. Higher insolations

T B

are introduced by means of IE~Ins. The freezing of M"a" limits the use=-
fulness of the computation particularly, of course, in the case of high
temperatures. See section 3.3, From this it will be noted that the

results of the computations should only be looked upon as qualitative

extrapolations,
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4, Computation of the Grid Optimization

The grid form and the electrical characteristic values of type IV solar
cells were made the basis of the optimization computation of the grid struc-
ture, These have the specific resistance §>B = 10./lcm and the layer

resistance ?S = 60/)./0 .

4.1 Finger Width

As the value to be optimized the maximum power output was chosen. The
optimization was carried out in several steps. For a type IV cell with a
finger depth Fp = 2.2/um we then took, at the standard measurement tempefa-
ture of +28°C, the maximum power computed as a function of the number of
fingers, whereby the finger width varies as parameter. In addition toﬂthe
standard finger width of 135/um the computation was also carried out for
half and double the standard finger width, namely for 67.5/um and 270/um.
As a further parameter the insolatién was changed in five steps from 0.25
AMO to 15 AMO, With the smallest insolation of 0,25 AMO (Figure 4) the
largest active surface brings the highest maximum power. The optimum

!
number of fingers lies between 6 and 10, Figure 5 shows the conditions
with an insolation of 1 AMO. The optimum of the maximum output shifts
toward a higher number of fingers and becomes less well defined. It lays,
for the standard finger width, between 6 and 12 fingers. With increasing
insolation the maximum power increases about pr;portionally with the inten-
sity. With 5 AMO (Figure 6) and with a number of fingers up to 12, the
finger width has no influence on the power generated. With increasing inso-
lation (Figures 7 and 8) the optimum shifts toward a greater number of fingers,
that is to say, the series resistance decreases in the measure in which the
contact surface increases and the active surface decreases. The optimum

of the maximum output then moves to a finger number far removed from the

most favorable number necessary for operation of solar cells near the earth.
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Since, however, in the case of a solar probe, one and the same solar cell
must operate with maximum efficiency both near the earth and near the sun
and since, furthermore, the contact pattern must be technically feasible,
the number of grid fingers that come into question, after this preliminary

examination, must be on the order of a one digit number.

4,3 Finger Depth

A second step of the optimization computation keeps constant the finger
widtﬁ of 135/um and studies the maximum output as function éf the finger
pumber with the finger depth as parameter. As the contact pattern is pro-
duced by ; vaporization process we have examined only finger depths of 1.1
to 4.4/um because greater finger depths appeared unrealistic. In case of
small insolations the influence of the thickness of the contact fingers is
small although it can clearly be recognized that even with an insolation of
1 AMO (Figure 9) the greater finger depth produces noticeably greater maxi-

mum outputs., The larger the striking solar intensity (Figures 10-12) the

~ e tha ananihla antrar dnnaranos +hran
W WFAAB L rvu UUUUU rv"\—h - e N W -

depth. To sum up, we can say about the finger depth that it should be as

great as the vaporization technique and the adhesive strength on the silicon

surface permit.

4,3 Layer Resistance of the n-layer

From the two optimization steps we find that a finger width of 135/um
and a finger depth of 2.2/um represent favorable values for the design of a
contact pattern., These two numerical values will be kept constant during
the third optimization step. In this third optimization step we have again
studied the maximum output as a function of the finger number varying the
layer resistance of the thin, highly doped n~layer on the silicon surface.

For type IV cells the layer resistance amounts to 60.!1/[3 . We have
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contemplated a reduction of the layer resistance for two reasons. The rough
calculations described in section 2.4 concerning the influence of the thick-
ness of the n-layer on the quanta yield of the solar cell and on the extra-
terrestrial short circuilt current density have shown that with decreased
layer resistance accompanied by a greater n-layer thickness the diminution
of the blue sensitivity and with it the decrease of the short circuit current
density remain limited. A decrease in the blue sensitivity is of no parti-
cular concern for the simple reason that the glass covers and adhesives
which are normally used haééjlittle trangparency in space, It also appeared
advantageous to increase the thickness of the n-layer as compafed to type
IV in order to delay, under high temperatures, the diffusion of the contact
metals through the n-layer until it reached the pn~transition.

We have therefore constructed from various base materials of 10Jlcm
and 1{lcm silicon solar cells having a layer resistance of 60, 30, 15 and
8 ==/ [J » Tihe measurcwcui values vbiaiued {iom ithese cells fur shwii cic-
cuit current, idling tension and maximum output (Figures 13 -~ 15) formed the
starting point for the further optimization computation. The maximum power
yield as a function of the finger number was, in turn, studfé& for these
4 layer resistances as parameter for 3 different insolations between 1 AMO
and 10 AMO, The result shows almost no difference when using layer resis-
tances from 60 - 30 .Q/ 0o- A definite power decrease of over 10% can be
noticed only when the layer resistance drops to 15.J1/£7 . Figures 16 - 18

would suggest the development of a solar cell, unaffected by changes of

temperature, having a thicker. n-layer,

4.4 p-Silicon with a Basic Resistance of 1J cm

The fourth optimization step extends the analysis to p-silicon with a

basic fésistance-of 1 l/cm. _This low ohm basic material was chosen for
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two reasons. A rough estimate of the annual equivalent dose of 1 Mev-
electrons for the solar probe gives a low value of 1013 - 1014 lyMeV-
electrons/cmz. From the standpoint of radiation resistance of the solar
cells the use of low ohm silicon appears entirely reasonable.

The second reason concerns the production of a solar cell from low
ohm silicon having a substantially greater idling tension and greater maxi-
mum output than conventional solar cells, considering the limited possi-
bilities afforded by the small radiation. In the next numerical optimiza-
tion step we have therefore examined the maximum output in rela;ion to the
finger number for 1. cm silicohﬁas basic material with 4 different
thicknesses of the n-layer as parameter., The results set down in Figures
19 - 21 for insolations of 1 AMO, 5 AMO and 10 AMO show qualitatively the
same behavior as with higher-ohm basic material, except that the absolute
amounts of the maximum output are considerably higher for low~-ohm material
tnan ror high-ohm silicon.

From these 4 optimization steps it appears that a solar cell for a
mission beginning near the eérth and leading to the vicinity of the sun
should be made from basic materials having a specific resistance of 1/, cnm.
We should also increase the thickness of the n-layer until ;ﬂiayer resistance
of 30.(1/£7 is reached, From the rough computations it appears advisable

to maintain the same number of fingers which have already been successfully

used on type IV, namely 7.

4.5 Spoolshaped Satellite Body -

In a subsequent optimization step we have examined the behavior of
solar cells, described in the preceding section, which have been placed on

the two conical parts of a spoolshapéd structure at an angle of 35°, This




geometrical arrangement had been planned for the solar probe project at
the time we had reached this point in our optimization analysis.

At that time the satellite to be used in the project was to be in
the form of a spool, The sunlight was‘to strike the spool perpendicularly
to its axis.. Because of the slant at which the light would strike the
solar cells (planned maximum angle of incidence 35°) their warming up
would be limited (planned maximum cell temperature 140°C) on the one hand
and, on the other, the effective insolation would be decreased. The latter
condition could be balance&)by the stronger solar radiation nearer the sun,

Because of the slightness of the expected radiation damage of the solar
cells we based our computation on back-layer material having a specific
registance of 1.(lcm which, compared to 10.f2cm material (as in type IV
solar cells), promises greater efficiency. At the same time we reduced
the front-layer resistance to 30.11/:: (compared to 60.fl/c7 in type IV
solar cells). This hardly causes a loss of power but should result in
greater dependability under high operating temperatures because of
decreased layer resistance and greater thickness of the n-layer,

The question stilihremains regarding the proper design of the grid

structure, more especially the number of fingers ZF to be chosen. Since

i

the spool rotates on its axis the angle of incidence at which the sunlight
strikes a solar cell fluctuates between 0 and 35% of the supplement to
/2 of the vertex angle., One could now use a reduced insolation averaged
over the spool rotation, corresponding to the existing distance of the
helios-sun, in order to compute the corresponding average solar cell power
as a function of ZF' This was done for a. few selected distances from the
sun wiﬁh a few finger depths as parameter (standard finger depth 2.2/u) and

is reproduced in Figures 22 to 24. Since, however, the increase in the
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power output is less than proportional éo an increase in insolation, par-
ticularly in the case of higher insolations, one must really average the
output over the rotation of the spool and, in doing so, one must always
take into account the most favorable working point for every angle of
incidence., Figures 25 to 27 illustrate the results so obtained. The power
outputs so obtained are but slightly less than those obtained for the
corresponding average reduced insolation value. This is understandable in
view of the mentioned underproportionality. Averaging the outputs also
results in somewhat larger optimum values for Zp because it is obviously
advantageous to take particular account of the angles of incidence corres-
ponding to gfeatér effective insolations. Besides results for space tem-
perature Figures 22 to 27 also show values for +140°C. These are based on
an assumed temperature behavior of the solar cells which was obtained
through extrapolation by our own measurements of the temperature dependence
up to +80°C. Published figures of the characteristic data of solar cells
approximately agree with the exterpolated data. On the one hand, the out-
put of the solar cells increases as it approaches the sun because of the
stronger solar radiation and, on the other hand, it decreases because of thé‘é
resultant heating. One should really deal simultaneously with the heat
balance and with the related energy output of the solar cells.

From Figure 27 it will be seen that despite the high solar cell temp-
erature oﬁ +140°C in the vicinity of the sun, owing to the high insolation,
a mean power output can be made available which is far above the one obtain-
able near the earth. Consequently it appears useful to choose the still
open finger number in guch a way that an optimum output is reached near
the earth. Figure 25 shows that for a temperature of +28°C the optimum

number of fingers is from 6 to 7.
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4.6 Cylinder-shaped Satellite Body

In the meantime, the concept of the solar probe has changed to the
extent that instead of a spool-shaped, a cylindrical shape is being con-
sidered. That is why we have repeated the optimization computations for
the new concept, In addition, the requirement was set that the mean temp=~
erature of the solar cells should be -64°C near the earth and +140°C at a
distance of 0.3 astronomical units from the sun. We have therefore computed
the mean output at the optimum working point as a function of the finger
number using selected working temperatures and 2 finger depths_as parameter.
The averaging of the output extends over the lighted half-revolution (Figures
28 - 31). ﬁFigufe 28 shows that near the earth, during the lighted half=-
revolution and with a temperature of -64°C, there is available a mean output
at the optimum working point of about 55 niW per cell. The optimum of the
output curve runs flat between 4 and 9 fingers. There are no noticeable
differences in ihe case oi finger depiis between 2 = ;lum. Near the sun
(Figure 31) the increase in the radiation intensity of the light far sur-
passes the decrease in output caused by the high operating temperature.
Therefore it seems advisable to design the solar cell in such a way that it
will give as large an output as possible near the earth and at the same time
be able to withstand the high operating temperature near the sun, The study
of solar cells under high temperatures-will then be an object of the

experimental program,

4,7 Result of the Optimization Computation

The optimization computation for type V solar cells resulted in the
following characteristics: specific resistance 6f the basioc material 1J2cm.
Layer resistance of the n-layer 30.11/:: . Titanium-silver contacts. Finger

depth about 4/um. The finger arrangement, in width and number, corresponds



to type IV with 7 contact fingers. This contact arrangement was chosen

because the optimization computation had shown that it produced a maximum

output near the earth,
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5. Production of Type V Solar Cells for Solar Probes

The construction of type V solar cells is primarily based on the guide~
lines furnished in research report BMwF-FB RFT 301314) dated 23 December
1967. (Title of the report: Further Development of n/p-Silicon Solar
Cells with particular regard to the use of silicon tissue.) The method
of construction outlined in that report should be amended as follows:

2,1.1 Basic Material

Wacker-Chemie GmbH, Munich furnished square lamella lapped on both
sides. Length of edges 20.8+ 0.05 mm. thickness 0.365+ 0.015 mm,
Material: high purity silicon, monocrystalline, crucible pulled,
p-conductiQe, (B-doped),’orientation 111, maximum deviation 1°,
specific resistance 1Jlem + 30% EPD max, 10,000/cm2.

2.1.2 not applicable h

.2.1.3 Cleaning and Treating

The lamella are treated under room temperature with ultrasonics for
3 x 5 min in carbon tetrachloride and for 2 x 5 min in acetone., This
is followed by a two hour bath in a 507 KOH* solution at 70%C.

2,1.4 Diffusion

Immediately prior to diffusion the lamella are immersed for 3 min

in a 38% solution of hydro-fluoric acid, then rinsed in distilled
water, methanol and a saturated solution of iodine in methanol,
(NHA)ZHPOA p.A. that has been disintegrated in advance in a separate
oven at a temperature o£“500°c for a period of 10 min is used as

source; the weight of the sample is 2 g.

* KOH - probably carbon hydroxyl (translator's note)



The diffusion requirements are:

10 min at 900°C, rapid cooling (4°/min) to 750°C, getter 1 hour, rapid
cooling to room temperature, Carrier gas is N2/02 inia ratio of 3/1
with a velocity of about 120 1/hour. The source temperature is about
760°C.

The basis for the choice of the diffusion time and temperature is the
layer resistance which is measured on the cells after removal of the
glass layer which is formed during‘the oxydating diffusion. It should
be on the order AE 30 +30/ . :

2.1.5 Removal of the Glass Layer

Not apblicable at this point. See under 2,1.7.

2,1.6 Lapping of the backside

For the removal of the backside the diffused Si-lamella are cemented

on glass with Zeiss wax under high temperature. Then follows grinding

v sel. THIO 19 MMein Tamde TN v Vwatlal v nta Alna £t nm =
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removed with BG 8, Then the lamelila are polished with Aerosil and
2 n - NaOH, The caustic soda is removed with a brush under running
water,

2.1.7 Vvaporization of the Contacts

In place of cleaning in RBS a cleaning in a 20% detex 11 solution at
40°C takes place.

Shortly before placing the lamella in the vaporization apparatus

the glass layer is removed on the n-side by treating in a 387
solution of HF, o

The (Ag) weight of the sample at the time of vaporization of the

contact fingers 1is 2 g.

s e o [P —
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2.1.8 Annealing of Contacts

The annealing temperature was reduced to 500°C.
During the period covered by this report 500 type V solar cells were
produced by this process. These were used by the firm Mtt,-Boelkow
in the measurements to be described later on and for the ﬁodule con~

struction tests.

g
e -
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6. Measurement of the Quanta Yield on Type V Solar Cells and Production
of a Standard Cell

6.1 Measurement of the Quanta Yield and Computation of the Extra-
terrestrial Short Circuit Current

The quanta yileld is a function of the wave length of the incident light,
It is defined for a given wave length as the quotient of the number of the
electron-hole pairs separated during thedpn-transition and the number of
light quanta striking the solar cell.

With a monochromator the quanta yield is determined in any selected
units. A vacuum-thermo element, whose relative spectral sensitivity was

ol ‘ .
determined by the PTB*, serves for measuring the intensity, The absolute
measurementﬂof the quanta yield is done under high intensity with 5 inter-
ference filters of various transmission wave lengths. Here, intensity is
meagsured by means of a solar cell that had previously been carefully cali-
brated with a thermopile.

An EDV 2002, which also analyzes the individual measurements, equates
the relative measurement with the absolute measurement using the method of
the least squares. At the same time a tape perforator is used to give the
necessary instructions to the drawing board which graphically records the
course of the quanta yield.

During the same process of calculation the quanééxyield and the extra-
terrestrial solar spectrum are made to yield the extraterrestrial short cir-
cuit current for the corresponding solar cell.

Systematic errors may occur during the absolute measurement of the inten-
sity and the extraterrestrial solar spectrum on which it is basedls). But

a check for such errors seemed to be unnecessary at this time since in 1967

control measurements were carried out by NASA which duplicated our results.

* could be Physical-Technical Federal Office (translator's note).
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In addition, we were able to make measurements on a Heliotek-Standard Cell
No. 1082 placed at our disposal by Mtt.-Boelkow., Heliotek gives for this
cell two extraterrestrial short circuit currents, obtained through various
extrapolations, which vary by 1.5%.. Our measurement fell between the short
circuit currents given by Heliotek.

In connection with the work done here, comparative measurements to be

~carried out by JPL on balloon borne type IV cells will show to what extent

the calculated extraterrestrial short circuit current still agrees with
experimental values,
6.2 Measurement of the Quanta Yield on Type V Solar Cells

b

Test measurements of the quanta yield on type V solar cells resulted

in a course which is pictured in Figure 32, together with the quanta yield

_curve of the standard type IV cell, The graph shows that it is specifically

in the red part of the spectrum that the deviations are the greatest. How-
ever, since this part of the spectrum is not approximated very well by the
simulator this deviation makes it necessary that we have a special standard

type V cell.

6.3 Production of a Standard Type V Cell

From a standard cell it is required that it show about the same course
of the quanta yield as the solar celié to be measured, taken as a whole.
Only then do the deviatioﬁs of the simulator spectrum from the extra-
terrestrial solar spectrum have no effect on the result of the measurement.

For this reason, the solar cells to be used as possible standard cells
should be so selected from the total type V cell production that their
electrical characteristics closely match the mean values of the total body

of cells, On each of the selected solar cells there will then be made at

least three measurements of the quanta yield and of the extraterrestrial
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short circuit current, That cell, whose individual measurements most

nearly approach the average, will then be chosen as standard cell.

6.4 Mathematical Corrections on the Measured Electrical Quantities

If further research should show that a basic standard measure should
be changed the values measured up to that time could then be mathematically
corrected.

The dependence of the idling potential and maximum output on the short
circuit current was derived from two type V solar cells which, in their
characteristics, correspon&ed to the mean value of the cells as a whole,
Within the examined limits between 130 andA142 mA the relation is linear.

For the coefficients we get the following:
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To set the desired intensity a standard cell was used which, because of
the energy input to be expected under high insolation, had been soldered to
a block through which flowed water at 28°C. This standard cell was mounted,
together with the high temperature measurement mounting, on an alternating
sliding carriag;wand could thus be brought to the measurement site in a
reproducible condition,

Insolations as high as 11 AMO could be achieved through changes in con-
struction. This was done by moving the measuring system closer to the xenon
lamp housing whose mirror adjustment was varied accordingly. The filter for
the xenon spect;:; adjustment_was not used during the measuremeﬁts with
high insolation, |

The homogeneity of the illumination was checked with a photo element
BPY 11 (measuring 2 mm x 3.5 mm). With a lamp current of 40 A the maximum
deviation was 10%; with a lamp current of 60 A a maximum of 37 from the
mean value,

Figures 41 to 49 give the family of characteristics i;wthe range of
temperatures from +28°C to +215°C for 9 different insolations up to 11 AMO.
The temperature curves of short circuit current, idling potential and maxi-
mum output are shown in Figures 50 to 52 for 1 AMO and in Figures 53 to 55
for insolations up to 11 AMO.

From Figures 50 to 52 we get, for an insolation of 1 AMO and tempera-

tures above 28°c, the following temperature coefficients:
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The connection between temperature and idling potential or maximum

output is linear. In the case of the short circuit current (Figure 50)

this linear relationship exists only up to about +170°C. Above this

temperature the short circuit current increases more slowly. The temp-
erature dependence of the short circuit current is so small that the ob-
served deviation from linearity almost falls within the test limits for
precision, The cause of the deviation from the straight line is not
entirely explained. Presumably the simulator spectrum may account for -
it. Earlier measurements of the quanta yield up to about +80°C showed
that in case of higher temperature the long-wave decrease in the quanta
yield curve is shifted toward greater wave lengths. But since it is pre-
cisely for greater wave lengths that the simulator spectrum deviates

substantially from the solar spectrum (xenon lines and filter for the

soa
“
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7. I/U Characteristics of Type V Solar Cells under Temperatures Ranging
from -190°C to +200°C for Insolations between 0,5 - 11 suns,

7.1 Standard Requirements 28°C, 1 AMO

The solar cell is illuminated with the light of a xenon high pressure
lamp XBO 1600. The lamp is housed in a commercially obtainable lamp housing
(Bauer BL 11 X 2/1). The current supply was provided by a thyristor con-
trolled power pack which keeps constant optionally either the lamp current
or the light intensity at the place of measurement. The xenon spectrum is
fitted with a T 6 filter made from polished tempax (produced by Jenaer
Glaswerke Schott u. Gen., Mainz), The spectral course of the filter's
transparency remained unchanged within thé%;recision limits of the test
during the entire measurement operation.

The light intensity was set with the standard cell for type IV solar
cells., Since the spectral course of the quanta yield from type IV and type
V solar cells differs only negligibly (see Figure 32) this procedure appears
justified. Furthermore, standard cells for type V became available only
toward the end of our research and it did not appear advisable to change
standards during the measurements.

For electrical measurements we used a measurement hookup with auxiliary
current source which permitted the exact determination of the short circuit
current during vanishing cell potential. For th:ucurrent and potential
measurement separate lines were always used. Through changes in the cell
potential from 0 up to the idling potential or in the cell current from
the short circuit current to O the entire I/U characteristics can be traced.
Measurements were made with a digital voltmeter and an X-Y recording appara-

tus., For simplified evaluation graph paper was used which, besides the I/U

net, bore a family of hyperbola with curves of constant output,
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I/U characteristics were recorded for all type V solar cells, The
statistical evaluation by means of frequency distribution gave the median
values for IK’ UL and Nmax' The cells on which the special measurements

wvere made were gso chosen that their electrical data approached as closely

as possible the median values of all cells,

7.2 Temperatures under 28°C, Insolation 0.5 to 1 AMO

Because of the expected condensation of water vapor the measurements
were carried out under low temperatures in a vacuum apparatus. The cell to
be measured is pressed, in the apparatus, on a metal block of great heat
capacity which provides goo:gelectrical and heat contact. This block can
be cooled with cold gaseous or liquid nitrogen and warmed with hot compressed
air. The great‘heat capacity of the get-up guarantees the necessary con~
stant temperature during measurements. The temperature was constantly
controlled by means of an iron-constantan - thermoelement with reference
junction in melting ice,

With the measuring arrangement that was used it was not possible to
bring optionally to the place of measurement either a standard cell or the
cell to be measured. The proper intensity was therefore set by means of
an auxiliary standard cell, . For this purpose, the previously routinely
determined shofﬁuéircuit current was set on the cell to be measured prior

to cooling. Then the auxiliary standard cell was affixed in the path of

the rays in front of the low temperature measuring apparatus for the purpose

of determining the short circuit current. This short circuit current served

to control the insolations to be used during the measurements.
In the course of the measurements it became obvious that the initial
value of the idling potenfial was somewhat higher than the value shown in the

I/U curves. The cause for this is to be found in a warming up of the solar
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cells. 1In order to eliminate this error at the time of temperature determi-
nation the initial idling potential was plotted against the temperature.
From this graphic presentation it was then possible to coordinate the pro-
per temperatures with the stationary idling potentials and their resulting
I/U characteristics.

The irregular course of characteristics that occurs with low tempera=-
tures in the vicinity of the idling potential 1is apparently connected with
the current and charge carrier distribution inside of the solar cell, more
especially in the front layer. During idling, when the contact grid draws
no current, a certain recombination mechanism is weakened. This fg&ﬁhy
the idling poteﬁtial appears magnified.

Figures 33 to 35 show current potential characteristics for insola-
tions of 0.5; 0.75 and 1 AMO for various temperatures down to- -196°C.
Figures 36 to 38 show the evaluation of the family of characteristics in
terms of temperature dependence on short circuit current, the initial

value of the idling potential and the maximum output,

7.3 Temperatures above 28°C. Insolations up to 11 AMO

The measuring hookup for high temperatures also contained a metal block
with a high heat capacity which could be heated electrically by means of
soldering iron cartridges. The metal block was shielded by a double-walled
metal pipe against contact aﬁ& heat loss through convection. A small metal
solar cell carrier could be clamped on the large metal block. The solar
cell was fastened onto the carrier with a silver bearing solder (melting
point 225°C), so that good heat contact was always assured. The tempera- -
ture of the soiar cell carrier was constantly controlled by means of an

iron-cmstantan thermoelement (see Figures 39 and 40).
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8. Endurance Tests on Type V Solar Cells under Temperatures to 515°C in
a High Vacuum and under an Inert Gas.

The success of a mission near the sun makes it imperative that the solar
cells used can be stored successfully over a longer period of time under
high temperatures. 1In order on the one hand to reduce the storage ;imes
that cause a certain damage and, on the other, to gain information on the
behavior under high temperatures the tests were conducted under various
temperatures. The latest known version of the satellite anticipates sta-
tionary temperatures of +140°C, so that even the lowest test;a:storage
temperature of +200°C still affords a sufficient security margin. Since
200°C is also the temperature which most nearly approaches reality, this
test was conducted 1n‘the only available high vacuum apparatus. Other storage
tests were conducted under temperatures of 300°C, 400°C and 515°C in a flow-
ing argon-hydrogen mixture (90 .: 10).

In all storage tests the solar cells were placed in space saving quartz

brackets in a quartz tube which during the high vacuum test had been reduced

T || mavaAd e emeipy weee prem e m e e— - o === == o==

to a preggure helow 5,10 Torr., During the protactive

oaa tegte the cas-

was cleaned in a molecular sieve before being led through the quartz tube.
The quartz tuﬁguwas sealed off from the room atmosphere by a wash bottle,

In all ovens used the constant temperature zone was measured. The
temperature fluctuations caused by the adjustments were less than 5°C for
high temperatures and less than 2°¢c for lower teﬁperatures.

For the 4 storage tests the solar cells were chosen from 4 different
batches. Six solar cells from each batch were allocated to each test, with
the solar cells of each batch being distributed alternately over the 4

storage tests so that all storage tests had comparable collective values,

A total of 96 type V solar cells were subjected to these storage tests.
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As the solar cells that were used were subject, in their electrical

properties, to statistical fluctuations, the electrical characteristic

'quantities relative to their initial values were determined after every

measurement. These values, expressed in percentages, were determined for
each batch and were graphically represented.

At 200°C (Figure 56) the solar cells from all batches behave similarly.
After a storage time of 1743 hours the decrease in output at the optimum
working point is about 3.4%.

At 300°C (Figure 57) the various batches show marked differences.
After 1600 hours the maximum output has decreased, according to'the batch,
from 8 to 161. The fact thaé the idling potential is algngeduced suggests
that the cause of the decrease may lie in the formation of leaks, ExperiQ
ment shows that this damage ceased after 800 hours and that thereafter the
solar cells again produced a constant output.

The tests at 400°C (Figure 58) and 5157¢ (rigure 35) shuw ihe saws -
dency, except that the time intervals for a still acceptable rate of damage
are considerably shorter. Here also the short circuit current remains vir-
t ually constant, while the idling potential is decreased and with it also
the output,lpresumably because of leaks. The important thing, however,
that these experiments have shown is that in the event of 301;; eruptions

the solar cells are capable of taking substantially higher temperatures,

over short periods of time, without losing their ability to function.

et T
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9. Storage Tests of Type V Solar Cells in an Extremely Humid Atmosphere.

During assembly, during transport and at the start of a satellite the
solar cells may be exposed to a humid atmosphere which may possibly cause
corrosion of the contacts. The following tests are designed to show that
this type of damage does not occur in type V solar cells. The assumption,
that the cells are 1nsensitiveAto humidity seems to be borne out by the
fact that during one of their construction phases they were placed in
boiling water for 15 minutes for cleaning after contact vaporization.
(See construction regulation BMwF-FB RFT 3013, Sectgﬁn 2.1.9). Io be
sure, however, three different humidity tests were carried out. The type
V solar cells weré taken from 3 batches, from each batch 3 cells were
picked for each test in alternating sequence, so that we again had at
our disposal 3 comparable collectives with a total of 27 type V cells,

The evaluation and graphic representation of the results is similar to the

description in section 8.

(V-
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During the boiling water test the solar cells were boiled in water for
8 hours, with hourly interruptions for a control measurement. After about
4 hours some damage appears. The similarity in the decline of the sho£§
circuit current and of the maximum output (Figure 60) is evidence that this
is due to damage to the tempering layer. The control of the series resis-
tance, which remained unchanged even after being boiled for 8 hours, confirms
this assumption, S

After concluding the test, one cell from each batch was subjected to
rupture tests with soldered wires. The front and back contacts behaved like

those of new cells., The rupture point of a wire, which had been soldered

flush with a speck of solder of 1 mm diameter, was in all but one case

greater than 2000 p. In the exceptional case the silicon tore loose at 1600 p.
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9.2 Water Vapor Test

A water vapor test was conducted during 112 hours. The solar cells
were set upright in small baskets suspended in a beaker over boiling water.
Here too the damage affects the tempering layer. Short circuit current,
maximum output and, in case of heavy damage, the idling potential as well
(Figure 61) act as if the cells were exposed to a reduced illumination.

The damage between 75 and 112 hours drops out of the expected curve. The
cause has not yet been fully explained. But it is assumed that during this
"

period of time the temper of the cells suffered particular damage through -

dripping condensed water. This suspicion 1s reinforced by the fact that

- the cells that suffered the greatest damage to their electrical values

also showed the greatest change in the tempering surface (Figure 62).

9.3 Humidity Test

In a humidity test, solar cells were stored for a total of 1475 hours

at 80°C and 80% relative humidity. During this test the solar cells were

Qf\on mL -
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ploced in a close
container held a gsaturated KCL solution., With this arrangement we find
a relative humidity of about 80% (W, Lueck, Humidity, R. Oldenburg,
Munich, Vienna 1964; D'Ans-Lax, Notebook for Chemists and Physicists,
Springer Verléé: Berlin, Heidelberg, New York 1967).

The electrical characteristics remained unchanged during the period

of the tests (see Figure 63).
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9.4 Tape Test

A tape test that was made on cells from the huﬁidity test, after 1550
hours had gone by, showed good results for cells from 2 batches. Contact
fingers and tempering layer remained undamaged. In the case of cells
from the third batch the beam suffered damage where, during control

measurements, the contacts touch down; in addition, ome finger came loose.
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10. Radiation Resistance

As an orientation test a one-time radiation of 8 type V solar cells

from two different silicon sticks was carried out with 1015

2 16)

1 MeV-electrons/
cm Immediately after radiation the degradation of the short circuit
current, idling potential, maximum output, curve factor and intermal
resistance were determined. The results are given in Table 2. The degra-
dation of the short circuit current amounts to 19% (17%), of the idling
potential 97 (10%), of the output under optimum adaptation 277 (25%). The
values given in parentheses are our measurements of the degradation of
type IV solar cells, From the orientation tests made so far the degrada-
tion values for— short circu;.,\tf:b current and output are only slightly larger
for type V than for type IV, The idling potential is less radiation sen-
sitive. The slight change in the curve factor can be explained by its
intensity dependence. The series resistance of the solar cells has not
changed within the 1imits of measurement accuracy.

Generally valid statements concerning the radiation resistance of
type V can only be made after the completion of a step by step radiationm.
These experiments could not, however, be conducted because of lack of time.

Considering the increased temperature during a mission near the sun the

repair of the radiation damage should also be studied.
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11, Results

11.1 Comparison of Computation and Test

After obtaining the measurement values of type V solar cells for a
wide range of temperature and insolation we shall now compare the theoret-
ical optimization analysis with the experimental findings. The result of
the optimization computations was recorded in Figures29 - 32, Near the
earth the computation of the mean output was based on a reduced insolation
for the lighted half-rotation of a cylinder of 0.64 AMO (Figure 28); on
the way to the sun at a distance of 0.5 AE one of 2.55 AMO anq, near the
sun, at a distance of 0.3 AE one of 7,07 AMO, The values obtained exper=-
imentally for ﬁhe maximum outpﬁt are shown, dependent on temperature and
insolation, in Figures 38 to 55. The results of éxperiment and computation
are compared in Table 3.

The consistency of the computed and measured values is surprisingly

good, It is only for the first value in Table 3, which is of no practical

importance as far as the solar probe is concerned, that experiment and

- computation differ, In this case, during the integration of the available

output, the loss connected with the higher output weighs more heavily in
the calculation than it would have if the camputation had been done for a
median insolation constant in time, The conformity of the 5 remaining pairs
of values is more th:; satisfying. The experiments thus confirm that the

theoretical optimization not only describes qualitatively the properties

of type V solar cells but also-gives usable quantitative results.



Table 3.

Comparison of the outputs computed and measured for
various insolations and temperatures.

o ..
T @e) Ins (AMO) T (°C) N Cu)
Computation Experiment
0.3 7.07 28 380 480
0.3 7.07 140 190 210
0.5 2.5 28 165 150
0.5 2.5 140 90 88
1.0 0.64 28 40 37
1.0 0.64 =64 - 85 48

il
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11.2 Families of Characteristics

The properties of type V solar cells are shown in the family of curves
in Figures 33 = 55 for a range of temperatures and insolations that either
graphically represents all possible pairs of values of temperature and
insolation for the mission of a solar probe or makes it possible to arrive

at them quite easily through interpolation.

11.3 Temperature Coefficients

In the temperature range of -64°C to +140°C which comes into considera-
tion for the solar probe the temperature coefficient of the idling potential
is constant at =2.1 mV/°C for all insolations between 0.5 - 11 AMO. The
temperature éoefficient of the short circuit current depends on the insola-
tion. I:bis very small for small insolations and amounts to about 0.05
mA/°C for insolations up to 1 AMO; it shows a linear increase from 0.3 mA/OC
for 4 AMO tol,l1 mA/°C for 11 AMO, The temperature coefficient of the maxi~
mum available output also depends on the insolation. At 1 AMO it amounts

to 0.23 mi/°c

0w, <

s for type IV and then climbs sowewhat faster than proportional

(=4 A 13

to the intensity to values of about 3 mw/°c for 11 AMO. For insolations over
6 AMO a slight dependence of the temperature coefficient on the temperature
becomes apparent. Aside from the aforementioned deviations in the zone of
high insolations, the type V solar cell under the normal intensity of 1 AMO
has a linear temperature coefficient in the entire range of temperatures

160

with which we shall have to deal.

11.4 Series Resistance

The measurement of the series resistance of type V solar cells confirms
the correctness of the theoretical considerations. The smaller specific re-
sistance of the initial silicon and the smaller resistance of the n-doped

layer taken in conjunction with the most favorable geometric form of the
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contact grid produce a series resistance in the range of 100 un.fz.
Figure 64 reproduces a portion of the I/U characteristic curve used for
the determination of the series resistance. For the sake of clarity the po-

tential scale was considerably extended on the abscissa axis while the ordie-

nate scale remained unchanged. For the determination of the series resistance,

with varying intensity of the incident light, two curves are drawn whose short
" circuit currents differ by O I, The series resistance, under the higher
intensity, causes a shift in the I/U curve of AU at a distance ATI from
the abscissa axis. The quotient O U/AI gives directly the 1ntert[1.oau1 resis-
tance. In routinely drawn éurves the difference in potential of 5 mV shown
in Figure 64 corfesponds to a length of 2 mm.

With solar cells having such small series resistance as in type V rou-
tine measurements of the internal resistance cannot be made with an accuracy
greater than 107%. But it can be determined with certainty that the series
resistance in the case of tiée V is smaller than in the case of type IV

by a 3 factor,

11.5 Constancy

The soft-solder-free contacts required for solar cells with high operat-
ing temperatures demand stable solar cell properties under humid storage con-
ditions., These difficult requirements do ngf appear during the course of
the mission but during the construction phase of the satellite. We have
therefore conducted three different types of humidity tests with type V
cells and have extended these tests far beyond the normal time limits, A:J
a result it can be stated that the titanium-silver contacts'produced by us

have proven themselves to be humidity-proof. The storage tests at4200°C

show that the formation-of leaks at the p/n transition can be avoided by




choosing a smaller layer-resistance and thus a greater n-layer thickness.
Our original intention, thmwugh storage tests at various high tempera-

tures and measurement of the time necessary for the formation of similar
leaks under different temperatures, to compute a diffusion constant that
might underlie this process, could not be realized. Storage tests at

temperatures of +300°C show clearly that the formation of leaks stops

after a certain time, From measurements, made up to now, of the decreasge
in maximum output that we have for periods up to 1600 hours it may easily

be extrapolated that under operating temperatures of +140°C maximum output

105 Ty
will in no way be influenced by the formation of leaks.

To sum up it can be stated that type V cell, because of its small
series resistance, its optimized grid shape and because of its low-ohm
basic material, its 107 higher idling potential as compared to normal cells,
can produce about 6% greater output than normal cells., The degradation

15
measurements at hand clearly show that up to equivalent doses of 10

1
a4

L

MeV-electrons type V cells are equal to normal cells., Under extreme con=-

ditions of use, operating temperatures as high as 140°C are feasible.

11.6 Power Qutput during the Mission

[§6.8)

For rational planning and for the successful accomplishment of a mission
it is of considerable importance to know what output is available at any par=-
ticular time. Since the available output depends on the solar cell tempera=~
ture and insolation the prefequisite for such estimates is the knowledge of
the solar cell temperature.‘

Figure 65 shows the functional relation of solar cell temperature and
the distance between the sun and the probe, The Figure was taken from a

Dornier study, based on the assumption of a double cylinder shape with a
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407, degree of coverage. For the sake of simplicity the insolation chosen

was always the average insolation during a half«rotation at a given distance.
From the I/U curves for various insolations and temperatures (Figures

33 - 35, 41 - 49) the pertinent output values could now be taken for

various distances between the sun and the probe, Figure 66 shows, for

various given cell potentials, the available outputs in relation to the

distance sun ~ probe, Figure 67 is the corresponding representation for

the output at the optimum working point. This shows that the bottleneck

of the energy supply is near the e#rth and that the energy need and the

energy supply must be planned accordingly.

-

-
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12. Computation of the Radiation Charge and the Equivalent Dose

Summary

The expected radiation charge of the solar probe planned for the year
1972 will be relatively small. For example, the yearly equivalent dose of
a l-MeV-electron test radiation, to simulate the damage to 10-.{2cm-Si-n/p
solar cells behind a SOIum thick covering glass layer, amounts to about
5. 1013 e/cmz, which ~ without taking into account a possible healing -
occasions a degradation of the maximum power output of the solar cell of
about 7 to 8%. Of this equivalent dose 777 are due to the charge along
the heliocentric course from the solar cosmic protons emitted during solar
gruptions. »The teﬁz i8 due to the protons of the Van Allen belt during the
ascent. The charge caused by the electrons of the Van Allen belt is negli=-
gible. 1In the case of covering glass layers of more than 100/um thickness
the portion due to the Van Allen protons is less than 107.

The radiation charge of the solar probe is made up of the charge of
the protons and electrons of the Van Allen belt during the ascent phase

and the charge of the solar cosmic protons (solar flares) along the

heliocentric course,
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12,1 Radiation Charge on the Ascent through the Van Allen Belt

The firm of Boelkow furnished us with a table showing, for distinct
times t; during the ascent phase, the attained height H; of the satellite
as weli as the geographic coordinates (geographic longitude LPi and geo~
graphic latitude \Pi) of the subsatellite point 1). At the same time we
obtained maps with the geomagnetic coordinates for a pure dipole field,
that is one showing the real magnetic inclination at the earth's surface
in relation to the geographic coordinates.

With the aid of these maps we determined first of all the geomagnetic
latitude )‘i corresponding to the geographi: coordinates ( LQ , \V)i of the
sub=satellite point. This was based on the tables of NASA (see below) and,
after consultation with the firm of Boelkow, the map for a pure dipole field
of the earth (valid from about 1000 km). With a newly plotted computer pro-
gram SATBN3 (writfen iﬁ FQRTRAN IV) we then calculated for the coordinates

(4, ;\)i the McIllwainz) trajectory parameter L1 and the force B, of the

i

geomagnetic field for the relevant point in space according to

R H
e t 1

with R = 6371.2 km (earth radius)

' 8.06 . 10°° 'J1 + 3 sin’Ad
B1 (Gaub) = <

, Re’ Hi in km.

(R, + H,)

After this we determined, through a 4 point interpolation3) of the NASA
o ' 102
data, recorded on magnetic tape, for the spatial and energy distribution of
the protons and electrons in the radiation belt (up to a maximum height of

36,000 km), the spectra of both particles at each of the i points in the




=51=

L,B space and namely for 21 proton energies between 0.4 and 500 MeV and
29 electron energies between 0 and 7 MeV. Then the individual spectra
from all the poihts of the trajectory were added up, using as weight factor
of the i-th spectrum the time facto\r Ati = %(ti-'_l -ti_l).

The firm of Boelkow furnished the coordinates (t, ), P, H)1 for 4

different ascent trajgctoriesl):

Trajectory A Starting time 5.86 W.Z,* Parking height 200 km
" B " " 16,75 " " " 200 km
" c " " 5.81 " " " 185 km
" D " " 16,74 " " " | 185 km

(most recent situation)
Since the ascent trajectory has apparently not yet been definitely
fixed, the integrated particle spectra were calculated for all 4 trajec-
tories. Chart 1 shows the result. From this it will be seen that trajec-
1oh

tory B furnishes the highest fluence both for protons and electrons since

this trajectory runs generally speaking in lower geomagnetic latitudes and

therefore closer to the center of the Van All

- hals
- - AA 21 o e A

is, however, only a slight difference between the various trajectories. .The
main contribution to protonlradiation takes place at heights between about
4000 and 7000 km (corresponds to a flight time of about 5.3 min). In the
case of electrons the major portion is integrated between 10,000 and 20,000 km
(flight.time about 16.6 min).

In order to be on the safe side when making estimates of the expected
radiation charge subsequent calcu;ations were based on the spectra along
trajectorgbn. With the aid of the already described computer programs) the

spectra for protons and electrons were computed, after shielding, for 10

shielding thicknesses between 0,01 and’lo g/cm2 and then the absolute damage

* W,Z, = probably Washington time (translator's note).
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K (cm'z) caused by these moderated spectra in 10- f2cm-Si-n/p solar cells
wag determined, As a base we used the known energy dependence of the damage
constant k for this type of cell. (Damage constant k of Si-solar cells; see
bibliography6). Finally, the total damage K(=Kﬁ+Ke) was related to the
damage constant k of the l-MeV-electrons generally used for test purposes
and we obtained the so-called equivalent fluence of the test radiation.
Table.and chart 2 show the fesult. From this it appears that the damage due
to protohs of thelVan Alien belt is fr;m 1 to 2.times as larg: as the daﬁage
done by elecfrons. .For the nuclear charge number of the shielding material
Z = 13(Al) was taken, which approximates quite closely a material like

810, 5). The léfger shielding thicknesses are, of course, unreal for solar
cells. However, since the program also serves to calculate the ionization

and volume damage, it is preferable to include these thicknesses rather than

change the program,

12.2 Radiation Charge through the Solar Flares

mostly protons are emitted. The computation of the charge caused by the

e
solar cosmic protons is based on the estimates of the annual stream density

of solar protons near the earth's orbit (in 1 AE) obtained from empirical
connections with the number of sun spots dufing the 20th sun spot cycle (1965-
1975). 1If one takes as basis for the propagation of so}ar cosmic protoﬁs'in
interplaﬁetary space a quadratic distance law (e.g. stream density-aar- ),
then one computes with an already described computer program7) for the solar
probe (perihelion 0.3 AE, aphelion 1.0167 AE, period 195.19 d) a radiation
charge 2.74 times higher than in 1 AE. In the case of a distance law with

stream density ~r-1 3

=2.5-
r

this factor equals 2,00; with a stream density of

~r this factor equals 3.95. The calculation is based on the assumption




that the solar cosmic protons are emitted by the sun at a constant average
stream density over the entire year and not = as is actually the case - only
during statistically occurring brief gas eruptions. The calculation, there-
fore, furnishes a better estimate the longer the heliocentric mission lasts.
A period of a year, corresponding to about two times around the sun, naturally
does not fulfill this requirement satisfactorily. However, as long as there
are no more reliable forecasts for the appearance of solar eruptions a more
exact estimate of the probabie radiation charge is not possible.

The calﬁulations were based on tﬁgustream density of solar cosmic pro-
tons for the year 1972, the last year for which we have a forecést. Accord-

ing to Webbers)

we may expect in 1972: average number of sun spots 38,
number of solar eruptions 6 per year, integrated stream density ¢° of

solar cosmic protons in 1 AE:

¢°(>1Mev)~6 . 10 | ———

cm a
bo (10 Mevy 1.5 . 108

do (40 Mev)XL.5 . 10° v

The proton spectrum striking the solar probe during a year may be ob-
tained -~ in accordance with the above assumption - by multiplying by factor
2.74. This spectrum was also entered on chart 1 (I). The solér cell damage
caused by spéctrum (bo and the year1§ equ;valent parsicle streamigof a
l1-MeV=-electron test radiation required for simulation were alreag; computed
in relation to the thickness of the shielding7). Through multiplication of
these values by factor 2.74 one obtains the values giﬁen in table and chart 2,

As chart 2 shows, the radiation charge in the Van Allen belt makes, during
the ascent phase, a worthwhile contribution only when thin covering glass -

layers are used in front of the solar cell, The absolute values of the total

radiation charge of the solar probe after a year are relatively small., For




‘glass layer amounts to about 5 . 10

~54=

instance, the yearly equivalent 1-MeV-electron fluence for simulation of

the total radiation charge of the solar cell behind a 50

/
13 e/cmz.} This radiation dose corres=-

um thick covering

ponds to a degradation of the maximum output of the solar cell of 7 to 8%
(without taking into account a possible healing). Of this equivalent
dose 77% ;re due to the heliocentric trajectory, the remaining 237 are
caused by the protons of the Van Allen belt. The charge due to electrons
from the VanvAllen bglt is negligible, With covering glass layers above

100/um in thickness the contribution made by the Van Allen belt radiation

is less than 107, since the spectrum of the Van Allen protons is considerably

“gofter" than th&t of the solar cosmic protons (chart 1).
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Chart 1 Radiation charge of the solar probe (helios)

Electron energy A

Ia integrated proton spectra for 4 different ascent trajectories
(A,B,C,D) through the Van Allen belt;

Ib integrated spectrum of the solar cosmic protons (solar flares)
along the heliocentric trajectory (perihelion 0.3 AE,
aphelion 1,0167 AE);

II integrated electron spectra for ascent trajectory B (maximum
fluence) and C (minimum fluence) through the Van Allen belt.




=
<L
~

=
Q‘
Y

ca e e e

Equivalent electron fluence
S

-58-

a

o 02 002 { I .2 t’-'m'/SiU,l' :

: “\ .| 10-Qem-Si-nfp-Solarzelle | |
: Solar cell| o

. . ‘
* :
. . 3
| SO L '
hy gl . * .
~l. -, T % .
) R ..
. .

.\\‘. "...
"\,\. %
0 P I .
w_\ ’......
i .‘. s ...
! Vi ‘.‘. ...‘o
L T
; A 1.
} \
‘ .._
! \
L o
et 2 s ool 2 5.1 2 510 g/cm?!
' Thickness of shielding d (Z=13)
Chart 2 Equivalent stream of a 1-MeV-electron test radiation for

the simulation of the damage produced in 10-_f2cm-Si-n/p
solar cells during one year in the trajectory of the solar
probe (perihelion 0.3 AE, aphelion 1.0167 AE) in relation
to the thickness of the shielding (nuclear charge = 13).
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= o= wm — charge through solar flares during the year 1972;

...........'charge through protons in the Van Allen belt in
. - ascent trajectory B;

charge through electrons in the Van Allen
belt in ascent trajectory B.
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Figure 9 Relation of output. at,the optimum working poimt to the number of grid
fingers under amngolation of 1 AMO, Parameter;' finger depth.
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Figure 10 Relation of output atthe optimum working point to the number of grid
fingers under an insolation of 5 AMO., Parameter: finger depth.
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Figure 11 Relation of output at the,gp:tiim‘m wéfk‘ing -polnt to the number of grid
fingers under an insolatfon-of 10 AMO, Parameter: finger depth.
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Figure 12 Relation of output at the optimum working point to the number of grid
fingers under an ingdlation of 15 AMO, Parameter: finger depth,
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Figure 15 Exp:rimentally obtained relation of the output at the optimum working point N to the layer
resistance 5?3 of the n-layer, under AMO. Parameter: specific resistance S)gagf the p-doped
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Figure 16 Relation of output at the optimum'working point to the number of grid fingers
" under an insolation of 1 AMO for solar cells made from 10f2em silicon.
Parameter: layerwresistance 98 of the n-layer.
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Figure 17 Relation of output at the optimum working point to the number of grid fingers
under an insolation of 5 AMO for solar cells made from 10.0_cm silicon.
Parameter: layer mistance 98 of the n-layer. -
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Figure 18 Relation of output at the optimum working point to the number of grid fingers

under an insolation of 10 AMO for solar cells made from 10J2cm silicon.
Parameter: layer resistance fs of the-n-layer,
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Figure 19 Relation of output at the optimum working point to the number of grid fingers
under an insolation of 1 AMO for solar cells made from l.ﬂ,cm silicon.

Parameter: layer reabdtaneeays of the n-layer.
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Figure 20 Relation of output at the optimum working point to the number of grid fingers
under an insolation of 5 AMO for solar cells made from 1.f2cm silicon.
Parameter: layer resistance ?s of the n-layer,
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Figure 21 Relation of output at the optimum workfng point to the number of grid fingers
under an insolation of 10 AMO for solar cells made from 1.Q.cm silicon.

Parameter: layer resistance ?S of the n-layer.
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Figure 29 The output of a solar cell at the optimum working point averaged
for the lighted semi-rotation of a spool in relation to the number

of grid fingers. Parameter: temperature and finger depth.
(ZF = 7 and Fo = Awb*yum«coxveSpond to type V).
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Figure 30 The output of a solar cell at the optimum working point averaged for the
lighted semi-rotation of a spool in relation to the number of grid fingers.

Parameter: temperature and finger depth.
(ZF = 7 aud” g,f‘*ﬂiﬁif:ﬁ" 7o ~gorrespond :to type.V).
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Figure 31:

2 - 30

The output of a solar cell at the optimum working point averaged
for the lighted semi-rotation of a spool in relation to the number
of grid fingers. Parameter: temperature and finger depth,

Zp = 7 and Fp = 4.4 Jum correspond to type V),
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Figure 33 1I/U curves of a type V solar cell under an insolation of
0.5 AMO and temperztures from + 29°C to =-196°C,
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Figure 34 1I/U curves of a type V solar cell under an insolation of

0.75 AMO and temperatures from +31°C to -196°C.
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Figure 35 1I/U curves of a type V solar cell under an insolation of
1 AMO and temperatures from 4+33°C to -196°c,
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Figure 36 Short circuit current of a type V solar cell at temperatures
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Figure 37 Idling potential of a type V solar cell at temperatures from
+289C-te =196°C under small insoldtions.
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Figure 38 Maximum output of a type V solar cell at temperatures from
+28°C to -196° C under small. ;Lnsolations.
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Figure 39 High temperature measuring mounting.
At left, the water=-cooled standard cell;
at right the cell to be measured in the
convection and contact safety device.
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Figure 40 Internal part of the high temperature measuring mounting.
The solar cell soldered on the solar cell carrier is fastened
onto the heatable metal block of great heat capacity. For
measurements of current and potential, separate lines are
used. A thermoelement is screwed onto the solar cell carrier.

L i

\
\\



— —

- ——

-

- P e
e e a et ..
N )
\“\',\

e e
’

g
o
B,
R
o
Imieti 2 s
L LR
e

AR

1

-,

. 7

200 17
\

[

| cum—— c(n

r~
L

0 i2
\

G0

”~
)

.\O
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Figure 47 1I/U curves~ofia type V solar.cell .under-an insolation of 9 AMO
at temperatures from +68°C to +200°C,
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300 )
1/U curves of a type V solar.cell .under an insolation of 10 AMO
at temperatures from-#62°C-to +201°C.
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- ] ’ - ~ at temperatures from +56°C to +217 C..
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Figure 56 ‘High temperature storage in a high vacuum at +200°C.
Percentage change of short circuit current, idling potential,

and maximum output of type V solar cells.
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maximum output of type V solar cells.
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Figure 58 High temperature storage in protective gas atmosphere at +400°C.
Percentage change of short circuit current, idling potential and

. maximum output of type V solar cells,
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Figure 59 High temperature storage in protective gas atmosphere at +515°C.
Percentage change of short circuit current, idling potential and

N

maximum output of type V solar cells.
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Figure 60 'Boiling water test; percentage change of short circuit current,

idling potential and maximum output of type IV and V solar
~cells when stored in boiling water.
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Figure GL\‘Water vapor test: percentage change of short circuit current,
idling potential and maximum output of type IV and V solar cells

. when stored over boiling water,




Figure 62

«120-

L 2%4T3

Solar cells after water vapor test. On the left cell the
optical tempering layer shows changes over a smaller area
than it does on the right cell. Short circuit current and
maximum output are-influenced accordingly.
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Figure 63 'Humidity test:
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percentage change of short circuit current,

k idlil_‘lg potential and maximum output of solar cells (at) +80°C.
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Figure 64

1/U curves of type IV solar cells for the
determination of the series resistance.

Type IV Ri = 230 m .

Type V Ry = 100_;11.().
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Figure 67 Maximum.output of a solar cell in relation to the distance

sun’ ¢ probe,






